The 41 0-kilometer seismic discontinuity is generally considered to be caused by a phase transformation of the main constituent of the upper mantle, olivine, ot-(Mg,Fe)2SiO4, to P-(Mg,Fe)2SiO4. Recent data show that H20 dissolves in olivine and other nominally anhydrous mantle minerals and that the partitioning of H20 between olivine and P-(Mg,Fe)2Si04 is about 1:10. Such behavior strongly affects the region over which the cx to phase transformation occurs and hence the seismic discontinuity that results. The observed width of the discontinuity constrains the maximum H20 content of upper (7, 8) . For the 660-km discontinuity, a width of 5 km is consistent with the seismic data (7, 8) , and a width of <10 km has been suggested for the 410-km discontinuity (9).
P-(Mg,Fe)2Si04 is about 1:10. Such behavior strongly affects the region over which the cx to phase transformation occurs and hence the seismic discontinuity that results. The observed width of the discontinuity constrains the maximum H20 content of upper mantle olivine to about 200 parts per million by weight.
cies in the Mg sublattices. New experiments (13) (14) (15) indicate a solubility of up to 3% H20 (by weight) in the 13 phase and a partitioning of H2) between the phase and olivine of greater than 10: 1 in favor of the former (15 23 GPa (a depth of 660 km) (3, 4) . An important, long-standing question is whether these discontinuities are isochemical transformations or whether they are accompanied by changes in the bulk chemical composition of the mantle (5, 6) . The main constraints on hypotheses about phase or compositional changes are the observed intensities and widths of the seismic discontinuities. Recent seismological studies using high-frequency reflected and converted waves indicate that both the 410-and the 660-km discontinuities are sharp and that the changes in physical properties associated with them occur over small depth intervals (7, 8) . For the 660-km discontinuity, a width of 5 km is consistent with the seismic data (7, 8) , and a width of <10 km has been suggested for the 410-km discontinuity (9) .
The implication for the phase change hypothesis is considerable. The chemical system of the mantle is multicomponent, and simple phase relations show that the transformation from olivine to the phase must occur in a divariant loop (Fig. 1 (12) , and recent measurements (13) (14) (15) In olivine, the much lower solubility of structurally bound H20 is dependent on the fugacities fH2 and f02 and the activity of MgSiO3 in the system (19) . On the basis of low-pressure data, Bai Fig. 3 . Clearly, H2O contents in upper-mantle olivine of 500 or 1000 ppm are inconsistent with seismological observations at high frequency, which imply that the 410-km discontinuity is less than 10 km wide (7) (8) (9) . The maximum permissible H2) content of olivine at the 410-km seismic discontinuity is, from Fig. 3, about Height above the 13-phase zone (km) above the point of 100% transformation (Fig. 3) . With the Downs model this value is 37 km. The point of the initial appearance of the [3 phase when olivine contains 500 ppm H20 (Fig. 3) The phase transformation from y-(Mg,Fe)2SiO4 to (Mg,Fe)SiO3 perovskite plus (Mg,Fe)0 magnesiowiistite at 660 km may also be sensitive to H20 content [H20 has recently been shown to be soluble in both -y-(Mg,Fe)2Si04 (15) and the perovskite phase (25) ]. Provided H20 partitioning between the two phases is, like that for the olivine-[-phase transition, on the order of 10: 1 in favor of either, then the transformation interval must be broadened. If H20 favors perovskite, then the transformation interval would be broadened to lower pressures compared to the anhydrous case (compare the olivine-[3-phase transition), whereas a preference for y-(Mg,Fe)2Si04 would broaden the transformation to higher pressure. Calculations like those above indicate that the observed width of the discontinuity of <5 km (7, 8) would, if the discontinuity is isochemical, be consistent only with <1000 ppm H20 in y-(Mg,Fe)2Si04.
Results of seismic tomography in regions of subduction zones (26, 27) suggest that H20 may be released from the subducting lithosphere in two depth intervals, one shallower than 100 km and the other 300 to 500 km deep. Nolet and Zielhuis (27) have argued that in the latter case low S-wave velocities above an ancient subduction zone could only reasonably be accounted for by the weakening of the shear modulus because of the presence of H20 or small amounts of hydrous partial melt. My calculations (Fig. 3) indicate that in H20-rich regions, the 410-km discontinuity should be elevated and broadened relative to more normal regions where H20 contents are lower. This suggests the need for further seismic experimentation on the nature of the 410-km and perhaps 660-km discontinuities in the region of subduction zones. Broadening and elevation of the 410-km discontinuity and broadening of the 660-km discontinuity in "wet" areas of the mantle would indicate that the discontinuities are due to isochemical phase changes. The absence of such effects would support models that invoke combined phase and bulk compositional changes.
Given a maximum H20 content of olivine of close to 200 ppm at the 410-km discontinuity, an important question concems how this relates to the bulk H20 content of the upper mantle and transition zone. Olivines in low-pressure mantle xenoliths generally have structurally bound H20 contents an order of magnitude lower than coexisting, nominally anhydrous pyroxenes (12, 28) but somewhat higher than the dominant aluminous phase, garnet (12) . Despite the implication that the major mineral, olivine, may not be the major H20 reservoir, several lines of evidence suggest that it is a more important host for H20 at the 410-km discontinuity than it is in the shallow mantle. First, the proportion of pyroxene declines with depth as it dissolves into garnet (29) , so that a relatively H20-rich mineral is replaced by a H20-poor one. Second, data on natural samples (30) indicate a stronger pressure effect on H20 solubility in olivine than in pyroxene, such that Bell et al. (30) argued that olivine is the major reservoir for H20 below a depth of 200 km. Finally, experimental results on pyroxene synthesized at 13 GPa indicate a H20 content similar to that of olivine under the same conditions (31) . Therefore, although the exact relation between the H20 content of olivine and that of the whole rock is unknown, they should not differ greatly.
The presence of structurally bound H20 may help explain the apparent breadth of the phase transition measured experimentally, which is about 0.5 GPa at 1600C (2) . Calculations based solely on Fe-Mg partitioning and assuming completely anhydrous conditions suggest transition intervals of 0.2 to 0.3 GPa (10, 1 1) . Because it is virtually impossible to ex-76 clude H20 from these high-pressure experiments, it is quite likely that some of the experimentally observed width of the two-phase loop is due to the presence of small amounts of H20 in the sample cell, so that the discrepancy between calculation and experiment may be an experimental artifact.
Finally, it is pertinent to ask whether there is some other minor element that affects the olivine-P-phase transition and that might, perhaps, make it narrower rather than broader. Such an element would have to partition strongly into olivine and would need to be present at (6) where P 0 refers to the equilibrium pressure for the end-member reaction Mg2SiO4 = Mg2SiO4 Olivine 13 phase (7) and AV0 refers to the volume change of this reaction at the pressure and temperature conditions of interest. performed the calculations at 1773 K and took P 0 to be 145 kbar (Fig. 2) 31 October 1994; accepted 31 January 1995
